The mechanisms by which specific anaerobic microorganisms remain firmly attached to 26 lignocellulosic material allowing them to efficiently decompose the organic matter are far to be 27 42 43 Importance 44 This work contributes new knowledge about lignocellulose degradation in engineered 45 ecosystems. Specifically, the combination of the spatial distribution of uncultured microbes with 46 3 genome-centric metagenomics provides novel insights into the metabolic properties of 47 planktonic and firmly attached to plant biomass bacteria. Moreover, the knowledge obtained in 48
elucidated. To circumvent this issue, the microbiomes collected from anaerobic digesters treating 28 pig manure and meadow grass were fractionated to separate the planktonic microbes from those 29 adhered to lignocellulosic substrate. Assembly of shotgun reads followed by binning process 30 recovered 151 population genomes, 80 out of which were completely new and were not 31 previously deposited in any database. Genome coverage allowed the identification of microbial 32 spatial distribution into the engineered ecosystem. Moreover, a composite bioinformatic analysis 33 using multiple databases for functional annotation revealed that uncultured members 34 of Bacteroidetes and Firmicutes follow diverse metabolic strategies for polysaccharide 35 degradation. The structure of cellulosome in Firmicutes can vary depending on the number and 36 functional roles of carbohydrate-binding modules. On contrary, members of Bacteroidetes are 37 able to adhere and degrade lignocellulose due to the presence of multiple carbohydrate-binding 38 family 6 modules in beta-xylosidase and endoglucanase proteins or S-layer homology modules in 39 unknown proteins. This study combines the concept of variability in spatial distribution with 40 genome-centric metagenomics allowing a functional and taxonomical exploration of the biogas 41 microbiome.
Introduction 56 The mechanism of several microbial processes remains unclear due to the fact that only a small 57 fraction of microorganisms that exists in nature can be cultivated (1). Especially in complex 58 microcosms, such as the one responsible for anaerobic digestion of organic matter, the 59 understanding of the microbial dynamicity is additionally hampered by the presence of 60 syntrophic interactions between members of the community. During the past years, different 61 molecular techniques, ranging from 16S rRNA gene sequencing to metagenomics, were 62 proposed to overcome these obstacles and to explore the functional principles of the unculturable 63 microbial majority. 64 In comparison to 16S rRNA gene based studies, metagenomic investigations using shotgun 65 sequencing became more attractive and were applied to anaerobic digestion systems to obtain 66 relevant insights on the metabolic properties of the whole microbiome (2). However, the reads 67 generated by high-throughput sequencing are short, error-prone and contain limited signal for 68 homology searches; thus, shotgun assembly rendered more reliable (3, 4) . Moreover, all these 69 4 "gene-centric" metagenomic studies consist of inventories of individual annotated genes (5), 70 without classifying the genes to single population genomes (PG). Recent advances in 71 bioinformatics and introduction of automated strategies for binning process, such as CONCOCT, 72 GroopM, or MetaBAT (6-8), shift the perspective of metagenomics from "gene-centric" to 73 "genome-centric". Quite recently, this novel approach was applied to the anaerobic digestion 74 microbiome leading to the extraction of hundreds of PGs, which were assigned to the four steps 75 of the process, i.e. hydrolysis, acidogenesis, acetogenesis, and methanogenesis (9-11). The 76 genome-centric metagenomics have the undoubted benefit of revealing the functional properties 77 of individual genomes, leading to a more detailed comprehension of the microbial interactions 78 occurring into the microbiome (12). Additionally, the identification of the sequenced genomes 79 can be combined with metatranscriptomic data providing further information regarding the 80 metabolic basis for adaptation of particular phylotypes (5) and allowing the monitoring of gene 81 expression changes to single-species level (13). 82 The microbiomes associated with the conversion of lignocellulosic-derived sugars into biofuels 83 and bioproducts are gaining particular attention in the wake of climate change. It is well known 84 that the hydrolysis step of anaerobic lignocellulose digestion process is mainly facilitated by 85 some anaerobic bacteria that are able to produce a multienzyme complex, called cellulosome, 86 and by aerobic bacteria and fungi that typically produce free, non-complexed individual enzymes 87 (14, 15). Moreover, the recalcitrant nature of the lignocellulosic substrate renders the hydrolysis 88 process as a rate-limiting step in the anaerobic digestion food chain (16). Therefore, a more 89 detailed knowledge on the firmly attached species and their interactions with the planktonic 90 microbiome is essential for the development of strategies that will accelerate the hydrolysis rate. In turn, the overall efficiency of biotechnological processes (e.g. production of biofuels and bio-92 based platform chemicals) will be significantly improved. 93 Previous studies targeting the identification of the microbial species firmly attached to the plant 94 material were based only on 16S rRNA gene-based terminal restriction fragment length 95 polymorphism (17) or FISH (18). Recently, metagenomic binning analysis and 96 metatranscriptomics were performed to identify species involved in cellulose degradation (10, 97 19). Nevertheless, these high throughput sequencing methods did not study the spatial 98 distribution of the microbial species. Moreover, detailed genomic analyses on polysaccharides 99 binding and degradation pathways were focused on few microbial species, with Clostridium 100 thermocellum to be recognized as the most interesting model (20). However, limited information 101 is available for uncultured species of Bacteroidetes phylum (21), which are known to cover a 102 relevant role in proficient plant biomass-degrading ecosystems and in anaerobic digestion sludge 103 (19, 22) . The importance of Bacteroidetes in thermophilic cellulose methanation process was 104 previously underlined (19), and therefore, the sequencing of these genomes is extremely 105 important to shed light on their metabolic potential. 106 In the present study, a genome-centric approach was applied to elucidate the spatial distribution 107 of lignocellulose degradation mechanism in anaerobic digestion process. This was done as it was 108 hypothesised that the localisation of microorganisms should be mainly determined by their 109 functional roles, and thus, the microbes that are firmly attached to the plant material should be 110 responsible for the degradation of lignocellulosic biomass. Samples obtained from biogas 111 reactors (i.e. firmly-attached to grass particles and planktonic phases of co-digestion system and 112 independent manure samples from mono-digestion system) were subjected to Illumina high- properties of the metagenome. 133 The applied binning process allowed the extraction of 151 PGs from the assembly ( Fig. 1) with 134 an estimated completeness ranging between 11% and 100% (average 73%) ( Fig. 1 and   135 Supplemental Dataset S1). The superlative outcome of the assembly and binning processes was 136 evidenced by the 120 PGs and the 94 PGs having an estimated completeness of more than 50% 137 7 and 70%, respectively. Moreover, 45 PGs fulfil the stringent criteria for defining "high quality 138 draft" genomes (i.e >90% complete with less than 5% contamination) according to the recently 139 published standard metrics (23). PGs with lower than 50% completeness were only used to 140 define the taxonomy and to check species abundance in the three different fractions. Thus, the 141 functional characteristics derived from their gene content are not included in the discussion 142 section. 143 The taxonomy structure of the biogas microbiome was dominated by members of Firmicutes 144 (101 PGs), followed by Bacteroidetes (11 PGs), Gammaproteobacteria (8 PGs), Synergistia (7 145 PGs) and some other less frequently found phyla ( Fig. 1 and Supplemental Dataset S1). Archaea 146 were represented by 5 PGs; four of them belonging to Methanomicrobia and one to 147 Methanobacteria (Fig. 1 ). All the extracted PGs were present in the three fractions (i.e. FG, LG 148 and PM) in different coverage levels, except from one methanogen (Euryarchaeota sp. DTU008) 149 that was absent from FG samples. 150 Analysis of the PGs coverage in the 9 examined samples revealed that most of the reconstructed 151 genomes (64) were enriched more than 2 folds in samples collected from the liquid fraction 152 (LG), while only 25 species were found to increase more than 2 folds in the samples collected 153 from the grass biomass (FG) ( Fig. 1 and Fig. 2 ). The remaining 62 PGs did not present any 154 significant change in any of these two fractions (Fig. 2) . Some fundamental functions, such as 155 methanogenesis, are preferentially restricted to the liquid fraction as verified by 156 Methanomicrobiales species (Eu01_BG, Eu02_BG, Eu05_BG) that were identified only to the 8 bacteria and archaea in the two fractions was verified using real-time PCR with universal primers 161 (27F, 1492R) and (109F, 1492R). Results obtained revealed a 2.1 fold enrichment of bacteria in 162 the firmly attached to grass fraction and a 4.8 fold enrichment of archaea in the liquid fraction. 163 A comparison between the gene contents of firmly attached to the grass PGs and the planktonic 164 PGs were the initial stepping stone to identify the functional differences among these two 165 groups. COG analysis showed that the number of genes in 9 clusters of orthologous groups of 166 proteins was significantly different between the two microbial groups (Supplemental Dataset 167 S1). Specifically, the firmly attached to grass PGs were more enriched in categories "G - 168 Carbohydrate transport and metabolism", "T -Signal transduction mechanisms" and "N -Cell 169 motility", while the planktonic PGs were more enriched in "C -Energy production and 170 conversion". The presence of numerous genes belonging to the planktonic PGs in COG category 171 "C -Energy production and conversion" is related to their ability to use intermediate metabolites 172 derived from plant polysaccharides degradation, such as volatile fatty acids, for energy 173 production. 174 A deeper insight between the diverse metabolic properties of the firmly attached to grass and the 175 planktonic PGs can be obtained from the SEED subsystem (second level annotation), which 176 provides a more specific functional assignment of the proteins (Supplemental Dataset S1). This 177 analysis confirmed that the firmly attached to grass PGs encode more proteins related to 178 "motility" and "chemotaxis", and additionally, revealed an enrichment in "adhesion" and 179 "biofilm formation" categories. The latter was also supported by the presence in these PGs of a 180 higher number of proteins associated to RNA polymerase sigma-54 factor rpoN, which is a 181 pleiotropic transcription factor involved in regulation of genes related to carbohydrate 182 metabolism, motility and biofilm formation (24). Moreover, the ability of the firmly attached to 183 9 grass PGs to perform carbohydrate degradation and metabolism is proven by the presence of 184 numerous genes involved in "di-and oligosaccharides" and/or "monosaccharides" utilization and 185 "glycoside hydrolases". The planktonic PGs encode on average a higher number of proteins 186 involved in transport and utilization of simple carbon compounds derived from the degradation 187 of complex plant polysaccharides such as "organic acids" and "tricarboxylate transporters". 188 Moreover, they contain higher number of proteins involved in "one-carbon metabolism", 189 "cofactors, vitamins, prosthetic groups, pigments" and "coenzyme F420" demonstrating a closer 190 involvement during the process of methanogenesis. 191 The results from the dbCAN database (Supplemental Dataset S1) showed that the detected Samples were collected during the steady state periods (i.e. stable biogas production with a daily 331 variation of lower than 10% for at least 10 days) of two biogas reactors as previously described 332 (36). The first reactor was co-digesting pig manure together with ensiled meadow grass, while 333 the second reactor was treating only pig manure (mono-digestion process). Three replicate 334 samples were collected from each reactor; genomic DNA extraction and sequencing were 335 performed independently for each replicate to allow statistical evaluation of the population 336 genome abundance in the different fractions. For the samples collected from the co-digesting 337 reactor, approximately 3 g of grass were separated from the liquid fraction. Plant fibers present 338 in the liquid fraction (i.e. sample denoted as "LG") were removed by driving the sample through 339 a 40-μm nylon cell strainer filter and by centrifugation at 500 g for 15 min. After this step, 340 microbial cells were recovered with a centrifugation at 10000 g for 20 min at 4°C. The grass 341 obtained after the separation of the liquid material was processed in order to recover the firmly 342 attached microbes (i.e. sample denoted as "FG") as previously described (37). The grass was 343 16 washed with Basal Anaerobic (BA) medium (38) to remove loosely attached microbial cells. 344 After this step, the firmly attached microbes were stripped off by incubating the grass at 4°C in 345 anaerobic conditions with BA medium containing 0.15% Tween-80 and, subsequently, 346 homogenizing the grass with a VWR VDI-12 homogenizer, 2 x 2 min bursts (VWR, Radnor, PA, output the number of sequences having a match in the database and the ANI value for each PG. 393 As previously defined, two genomes were considered as belonging to the same species if at least 394 50% of the genes found a match and if the ANI was higher than 95% (42) . Scaffolds encoding 395 the 16S rRNA genes were identified using sequence similarity search on the Greengenes 396 database, as previously proposed (43). Taxonomical assignment of the identified 16S rRNA 397 genes was determined using RDP classifier (44) with confidence threshold set at 0.8. 
